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Abstract
Estimating the capacity of a geological formation to store CO2 is not a straightforward or simple process. Bradshaw [1] has recently listed
various estimations for both regional and global CO2 storage capacity. The estimations were quoted as “very large” with ranges for the
estimates in the order of 100s to 10,000s Gt of CO2. Clearly this work shows the lack of definitions, rules and general practices in calculating
CO2 storage potential.
In earlier studies TNO has strongly emphasised the need for a more uniform and standard method to calculate the storage potential of any
subsurface location, either a partial or empty hydrocarbon field or aquifer. TNO prefers to consider in any storage capacity calculation the
inclusion of a concept of total affect space, i.e. all space that has its state or qualities changed by the storage operation over the total storage
time. Furthermore, we will have to consider the injectivity of the selected injection location and the pressure and fluid conductivity of the total
affected storage space. In addition, the intended free CO2 storage location will need to have enough storage space or enough sealing capacity to
contain the CO2 for at least 10,000 years and prevent it from migrating to the surface
TNO has developed a method (van der Meer, [4]) which has been used for calculating of the maximum storage volume in the Netherlands. The
method is based on the affected space and maximum pressurisation. The storage potential is further based on injectivity and finally the storage
efficiency of the geological trap. The results of this work are compared with previous estimations.
© 2008 Elsevier Ltd. All rights reserved
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1. Introduction
We often need to know how much CO2 we can store in a certain underground space or how much such space we need to store
a given amount of CO2. In a recent attempt (Bradshaw et al.,[1]) to list various regional and global estimates of CO2 storage
capacity, the estimates reported are often quoted as “very large” with ranges in the order of 100 to 10,000 Gt of CO2. From the
publications Bradshaw and his colleagues consulted it is clear that there is a lack of definitions, rules and general procedures for
calculating storage potentials. The calculations of CO2 storage capacity are mainly based either on the solubility potential (Bachu
et al., [2]) and ignore volumetric consequences and the kinetics of this process, or on a fixed percentage of a subsurface volume
(Koide et al., [3]). None of the cases using the latter approach include any definitions. Van der Meer’s [4] paper specifies a
method to calculate the theoretical maximum storage capacity. For the purpose of clarity this publication describes the definitions
of all the important parameters.
In the past, lists of potential CO2 storage locations have been compiled purely on the basis of the capacity of the locations in
terms of their CO2 solubility, or by the pore volume of the entrapment space, or simply by a fixed percentage of the pore volume
of an undefined space. The pressure consequences were not considered yet in some of these locations, the injection of CO2 is
commercially unfeasible because of their low average permeability (less than 10 mD). Therefore CO2 injectivity coupled with
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pressure conductivity is a major factor in the commercial viability of CO2. Furthermore, the effective trap storage space may
limit the maximum storage capacity; the ultimate utilisation of this space will result in a storage efficiency factor. A final factor
influencing the reliability of the estimates is the robustness of the data. In this paper we consider the storage concept with the
help of a conceptual model as shown in figure 1.
Affected Space
Unaffected Space
Brine
Free CO2
Used Space
Available Space
Spill point
Sealing Fault
Pinch out
GEOLOGICAL BARRIERS
Cap rock
Figure 1. Conceptional view of storage model.
2. Governing storage parameters
2.1. Theoretical Maximum Storage Capacity
In any calculation of storage capacity we advocate including the concept of total affected space (see figure 1.), i.e. the entire
space whose state or qualities change during the total storage time as a result of the storage operation. The subsurface is, of
course, full: it is filled with what we call rock (e.g. limestone or sandstone) or unconsolidated material (e.g. sand or clay) and
fluids (e.g. water, oil and/or gas). If CO2 is going to be stored, extra space has to be created via the compressibility of the total
system – i.e. rock and fluids – in combination with a pressure increase. In the previous calculations the storage capacity was
based on undefined storage spaces and the underlying paradigm is that formation water will be pushed out to create space for the
CO2. This somewhat naive approach which disregards the fact that if the storage project is to succeed, this displaced water itself
needs storage space elsewhere. A similar error is made when simulation models with constant pressure boundaries are used:
these models ignore the pressure increases immediately around the modelled area that result from increased water movement in
this area. Therefore, the ultimate storage potential of the space considered is the total affected space in combination with a
maximum allowable average pressure increase in the affected space and the compressibility of all material in the affected space.
2.2. CO2 Injectivity and Pressure Conductivity
The overall injectivity of the selected injection location and the pressure and fluid conductivity of the total affected storage
space can limit the total storage capacity. If the fluid conductivity is too low, unacceptable pressure gradients could render the
potential location unsuitable for large storage volumes. In earlier studies [5], the volume weighted average pressure increase of
some 10 bar in the affected space at the end of the injection period was accompanied by a regional pressure increase of nearly 90
bar in the injection area. In onshore example used in the referred paper, this rather high pressure exhibited an increase in an area
of about 80 by 80 km, which could be excessive. Applying a pressure constraint in the storage area might reduce the effective
storage capacity of this example. Figure 2 shows the pressure development at the end of the injection phase for three hypothetical
permeability levels for the example used in the van der Meer [4] paper. In this context it is useful to mention the fact that in some
recent EU sponsored CO2 studies we have used a minimum cut-off value of 200 mD for commercial scale CO2 storage projects.
2.3. Containment / storage efficiency factor
The intended free CO2 storage location must also have enough storage space or sealing capacity to contain the free CO2 for at
least 10,000 years and prevent it from migrating to the surface. It has been found [5] that the solution of CO2 in formation water
is a slow process that will have hardly any volumetric or subsequent pressure consequences on the storage potential of the
projected storage location. For the definition and the subsequent explanation of the affected storage space and storage efficiency
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factor, see figure 1, in which we have tried to graphically define some storage definitions. The available space is the formation
pore space, which is covered completely by a sealing caprock and limited by a spill point.
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Figure 2: Cross-sectional pressure profiles through the middle of the injection site for three permeability levels
The calculation of this available space is standard practice in the oil industry. It is basically the bulk volume multiplied by the
porosity. The resulting volume is the total volume of the free CO2 we can store. If the volume of CO2 we intend to store exceeds
the available space, we have to find additional storage elsewhere. If sufficient volume is available, we can calculate the storage
efficiency factor by dividing the used space by the available space and then multiplying by 100 per cent.
2.4. Basic data considerations
In the past, all CO2 storage capacity calculations were performed with all kinds of information and using data from various
sources. The general quality of the data used for a given case affects the reliability of the outcome of the individual calculation. A
simple summation of these individual calculation results will give unreliable and unacceptable totals. Van der Meer [4] proposed
a system for rating data quality in order to generate a storage probability classification. The total set of data that is used in the
capacity calculation is rated: from representative, based on deterministic measurements and reliable, to guestimation and
maximum uncertainty. All estimated CO2 storage capacity data must be assigned one of these proposed classifications, deducible
according to common sense and sound engineering judgment.
2.5. General discussion
In order to arrive at sensible and practical storage estimates, an overall generic or general procedure is needed. Before
performing the calculation, we need to elaborate on the three important concepts:
1. Affected space
2. Compressibility
3. Maximum allowable pressure
When the subsurface space is confined as a result of impermeable boundaries, the situation is fairly straightforward, as these
boundaries delimit the affected space. However, there may be difficulties in relation to the underburden. Large unconfined or
open aquifers present more of a problem, making it necessary to zoom out and consider the basin scale. Every formation in the
subsurface is finite, i.e. its boundaries are determined by its depositional circumstances. In the case of a large storage operation,
for instance 400 Mt of CO2 (15,000 MW coal-fired power plant, with a 40-year lifespan, or 3,500 MW power plants) the affected
space may have an area with a diameter of several hundred kilometres. In most cases, the structural contours of the targeted
aquifer formation will be within these dimensions. Only when the aquifer is extremely large will it be necessary to fix the storage
boundaries at control or defined boundaries. These boundaries mark limits beyond which we have neither the control nor the
ability to describe the target formation, or beyond which we are not interested in the effect of the storage operation A larger
space will result in more storage space or a smaller average storage pressure, but with the disadvantage of possible undetected
leaking pathways.
Clearly, in order to predict the performance of a potential subsurface storage site, it is essential to determine or define the
outer boundary of the affected space. After the affected space has been defined, efforts should be concentrated on determining or
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estimating the compressibility of the total possible affected space. As the final storage capacity is linearly proportional to the
total compressibility, it is advisable to use geological layers with different rock properties. In the absent of any compressibility
data, information such as produced by Hall [6] can be valuable.
It is also necessary to ascertain the maximum allowable pressure increase because the combination of pressure and
compressibility will determine the ultimate CO2 storage volume of the intended storage location. In most cases it will be possible
to define three types of pressures: local injection pressures (bottom hole pressure), regional storage pressures (reservoir
pressures) and finally the total volume weighted average pressure increase in the affected space. In most cases the upper pressure
limits are site-specific; generally, local injection pressure may be higher than the local fracture-inducing pressure. Regional
pressure will be limited by the depth-related geostatic pressure, while the average pressure increase in the affected space will
largely depend on the geological conditions of the total system. In the case of the total permissible pressure increase in the
affected space we have to consider a volume-weighted average pressure increase in this space. During the injection cycle of the
storage activity, the pressures in the direct injection location are, of course, higher than those at the edge of the affected space.
The former will be controlled by the injectivity, whereas the dynamic development of the latter is the result of the pressure
conductivity of the formation.
3. CO2 Storage in the Netherlands
3.1. Introduction
In order to test the method developed in earlier work [4] on a larger scale, we have used work and data from a recently
conducted preliminary screening study to identify potential storage locations in the Dutch subsurface. Publicly available regional
depth and thickness maps from TNO’s mapping department were used for the aquifer inventory. The assessment of storage
capacity in aquifers in the Dutch subsurface was focused on sandstones of Permian, Triassic, Upper Jurassic and Lower
Cretaceous age. These stratigraphic intervals also contain many gas and oil fields in the Netherlands and can be found throughout
almost the entire Dutch subsurface. Sandstone formations, with small lateral extensions and limited local depositions, were not
included in the assessment. A static geological 3D model was constructed in Petrel from depth maps of Super Group and Group
base levels, thickness maps of the sandstone and sealing formations of interest and major or regional faults.
3.2. Methodology
The depth maps are based on regional seismic interpretations performed by the mapping division of TNO - Geological Survey of
the Netherlands. The thickness maps were developed by interpolating publicly available data from around 1500 wells. Some
features were present in the interpolation results that originated from data clusters or faults influencing the thickness of
formations in specific wells. Data clusters have been replaced by averages and wells crossing faults have been rejected as the
incorporation of these results would not be realistic. Subsequently, the thickness maps are progressively stacked in stratigraphic
order from depth levels in order to build the 3D model. The locations of faults in the model were inherited from TNO -
Geological Survey of the Netherlands. All faults have been assumed as vertical. This approach, of course, introduced some error
into the model, but this was inevitable due its large scale. Aquifers were consequently identified according to:
• Location at a depth below 800 metres to ensure that CO2 is in a supercritical state.
• The presence of a sandstone member/formation (minimum thickness 10 m).
• The presence of a traditional trapping mechanism comprising partly/fully dip-closed structures or fault-bounded
structures (horsts/ juxtaposition).
• The presence of a seal (minimum thickness 10m), both simple and complex. Simple seals are located directly on top of
the aquifer, while sequences of claystones intercalated with carbonates, thin (<10m) sandy layers, etc. are considered
complex seals.
• The exclusion of storage capacities below 0.1 Mton.
3.2.1. Description of aquifer storage capacity calculations
The aerial extent of the structures was determined from the location of spilling points from 3D cross-sections and elevation
contour lines. Aquifer thickness was obtained from well data when present or, alternatively, from the thickness extrapolated from
the 3D model. Volumes are calculated by multiplying the aerial extent with the aquifer thickness, assuming an average thickness
based on well data or thickness extrapolated from the Petrel model. For the efficiency factor a value of 2% was chosen. Average
porosities and permeabilities of the aquifer were calculated from well data on the specific stratigraphic unit within a 20 to 40 km
radius from the structure’s midpoint.
The volume was calculated using the following equation, which is clearly a fixed percentage estimation approach:
CO2 storage capacity (kg) = Vr * N/G * E * ĭ * ρ .
Vr = Bulk aquifer volume (m3)
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N/G = Net to gross ratio (-)
E = Efficiency factor (constant = 0.02)
ĭ. = Porosity (-)
ρ = CO2 density at depth (Rotliegend = 700 kg/m3, Triassic = 650 kg/m3)
3.2.2. Description of methodology used for depleted gas fields
In recent Dutch inventory studies the CO2 storage capacity of gas and oil fields is based on the replacement principle, i.e.
substituting the volume of oil and gas produced by injected (stored) CO2. This method is probably the most safe and reliable
estimation, with the main proviso that the gas of oil field is not connected to an active aquifer. Furthermore, it is assumed that
CO2 injection starts at a low abandonment pressure and is stopped when the field pressure reaches the initial condition. We
consider the replacement volume method superior to any other storage volume estimation and for this reason gas and oil field
storage volumes will not be considered.
Figure 3. Identified traps have been plotted in this map. Figure 4. Rotliegend Zones have been plotted and include major fault
Colours indicate the stratigraphical unit observed in the trap (See Key). systems
3.3. Aquifer screening results
Illustrated in figure 3 are the aquifers along with some gas fields (red spots) identified during potential CO2 storage screening .
Each geological member is colour coded as shown by the key. Occasionally, Permian and Triassic aquifers are situated in the
same structure, illustrated in figure 3 by duplex colour markings. It should be noted that these are preliminary screening results
and additional studies have to be performed for each structure for verification and validation as well as to study, for instance, the
juxtaposition of layers and stacked seals in more detail and the sealing capacity of boundary faults. In total 41 either individual or
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stacked aquifer traps have been identified onshore as well as 32 offshore. Table 1 summarises the total estimated volume per
geological formation. It has to be envisaged that gas or oil fields might be present in layers above the potential traps indicated on
the maps (e.g. in the Roer Valley Graben gas fields are common in the Vlieland Sandstone Formation, whereas the Triassic and
Rotliegend Sandstones are dry). The traps are viable but may give rise to some legislation issues.
Group Member Number of traps Gross Volume Net Volume
(2% efficiency factor)
Permian
(Rotliegend)
Slochteren Sst. 37 16849 337 Mton
Triassic Bunter Sst. 31 3857 Mton 77 Mton
Jurassic
Lower
Cretaceous
Schieland Sst
Mb.
Vlieland Sst.
24 1207 Mton 24 Mton
Tertiary 0
Total 21913 Mton 438 Mton
Table 1: Number of traps per geological category and the estimated storage capacity.
3.4. Observations reference method
The reference case uses a procedure of planimetering structures based on a possible spill point. Furthermore, the pore volume
is calculated for the encircled area. Finally, only 2 per cent of this pore volume can be used as storage space. The 2 per cent rule
was made around 1992 with the assumption that within the trap location the pressure could increased by 100 bar and much more
with the intention to counteract the solubility storage capacity philosophy as well as a general misperception that a storage
location is simply a big subterranean hole that we can use as storage tank. The use here of 2 % of arbitrary space without any
clear explanation or reasoning leads to unreliable results. This procedure is still practised in many storage volume calculations
and has led to the development of the calculations described in the paper [4] mentioned above and demonstrated in the following
section.
4. New CO2 Storage volume calculations
4.1. Introduction
We have stated that if CO2 is going to be injected to the subsurface, the subsurface material (brine) will be forced out of the
injection location and subsequently all material (rock, clay, etc.) that is in hydraulic contact will be compressed with the injected
CO2. In this approach, we consider the consequence of the combined effect of compressibility (rock, reservoir fluids) in the so-
called affected space at the assumed maximum permissible average pressure increase. Figure 3 depicts individual aquifers
mapped in the Dutch onshore and offshore sector. From our point of view, some of these aquifers are hydraulically connected
and should be considered as a whole structure when CO2 injection is performed. For that purpose, we introduced an aerial
representation of the aquifers as “zones.”
4.2. Theoretical Maximum Storage Capacity
In the Dutch situation the defined “Zones” are the combination of several aquifers that were identified from faults and
thickness maps. It is the actual representation of the total affected area where injectivity and pressure conductivity effects were
taken account. We have defined five zones (Fig. 4) that are relevant to this case. We have selected Rotliegend aquifers bounded
by major faults and seal system. The major reason for this selection was the quality of data and available knowledge for
Rotliegend formation. Obviously, there are more aquifers present especially in the onshore sector (southern part) but the
stratigraphic location of those aquifers are highly fragmented by faults. For our case, we focused on less fragmented aquifers.
4.3. Methodology
The major difference from the first method is the introduction of total affected area and the impact on pressure of CO2
injection instead of an evaluation of the volumetric capacity of individual aquifers [5]. This volumetric space is defined by a
sealing caprock, limited by a spill point and bounded by faults. Therefore, the aquifers are treated as a conjugation of large,
transmissible layers where pressure increase is observed to where their boundary ends. For this purpose, we have divided the
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total area into five different zones (Fig 4). For the revised calculation we used the compressibility effects as a result of a
permissible average pressure increase with initially new planimeter results for the five zones and then the same parameter
settings as for the initial calculations. Table 2 lists the new derived theoretical total storage volume containing the most important
parameters. The summation of the zone volumes show a threefold reduction compared with the earlier estimation. It is also the
question whether zones 2 and 5 should be excluded from further consideration on the basis of insufficient storage volume.
4.4. Injectivity
After the theoretical storage volume was calculated, we analysed the injectivity profile for each zones. If the world commits
itself to CCS (Carbon Capture and Storage), we have to consider the storage of extremely large quantities of CO2. Every power
plant produces some 3 – 4 Mt of CO2 a year, or a total of some 140 Mt during the technical lifetime (3.5 x 40 years) of such a
power plant. A long time ago a sort of basic rule was adopted that a normal CO2 injection well must be able to inject some 1
Mt/y that is an injection rate of around 1.38 x 106 Nm3/d. The injection of such a volume at such a rate requires a minimum level
of formation permeability or reservoir conductivity to guarantee an acceptable pressure increase and distribution in the total
affected space and especially in the directly affected injection area. The effect of the permeability level on the pressure behaviour
in the affected space is clearly demonstrated in figure 2. The figure also shows that the popular idea of drilling more wells
farther apart at a lower injection rate could solve the injectivity problems. In the example shown the wells are 20 km away from
each other. The pressure profile clearly depends mainly on the total injected volume. We have developed a simple model [4] to
predict the pressure profile in the affected space and, more importantly, in the injection location. We have used this model to
predict the pressure increase in the well area for the five zones. The results are shown in table 2. The results for zone 5
demonstrate that the permeability can really reduce storage capacity. The model predicts a pressure increase around the well of
35 bar with an injection rate of only 0.1 Mt/year and a tenfold reduction in our proposed injection plan. This is all the result of
the low permeability of only 40 mD. Neither does the shallow thickness help to improve the injectivity.
Zone Area(km2) Thickness
(m)
Permeability
(md)
Porosity Theoretical
Total Storage
(Mton)
Injectivity Pressure
built up near
injection
zone (bar)
Number of
Traps
1 2650 50 200 0.18 16.08 1 Mton for
16 years
23.75 1
2 1180 40 100 0.08 2.55 0.25 Mton
for 10 years
18.81 3
3 2730 100 80 0.10 18.40 1 Mton for
18 years
28.45 5
4 4500 120 150 0.18 65.52 2 Mton for
30 years
26.10 6
5 1550 15 40 0.10 1.57 0.1 Mton for
15 years
35.11 4
Total 104.12 Mton 19
Table 2: Aquifer Zones per Storage Capacity for the Rotliegend Formation
4.5. Containment / storage efficiency
In this instance we have to do with multiple traps in a single affected space. As can be seen in the final column (right), we are
able to inject the total storage volume of zone 1 into one of the traps. For all other zones we have to use multiple traps to store the
calculated volume. From this exercise it is clear that several operation scenarios can be drawn up to arrive at an optimum
injection strategy. In the case of zone 4 we need six traps but we are able to inject 2 Mt/y using one or two wells. We have
omitted any further trap efficiency calculation until more locally specific data are available or a more mature overall storage plan
has been developed.
4.6. Data considerations
As already suggested, the general quality of the data used for a given case affects the reliability of the outcome of the
individual calculation and the likelihood calculated CO2 storage capacity being available. In this case (Dutch) we have used good
and reliable structure maps that are the result of the use of extensive seismic datasets and a large number of well data. The maps
made by the National Geological Survey are intended for general public use. The same is true of the fault maps that are based on
good and reliable data but lacking in detail and intended for this preliminary kind of screening. We are therefore less sure about
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the more specific parameters such as porosity, permeability, net to gross thickness and compressibility in particular. They all
have a large flavour of guestimation. Furthermore, there is considerable uncertainty about the quality of the storage seal in the
total affected area. There are gas fields in the vicinity and the question remains as to why these aquifer traps do not contain any
hydrocarbons. All in all, we have given these estimations a “D” rating, on the lower scale of the probability index [4].
5. Conclusions
Without doubt the CO2 storage calculation of depleted dry gas or oil fields can best be done on the basis of the volume
replacement and for the this reason ignorer in this paper. In this context it is also interesting to check the CO2 injectivity of the
former hydrocarbon field. Is it possible that the CO2 injectivity could have a restrictive influence on the storage capacity of an
empty hydrocarbon field?
In this paper we have used four factors to estimate the CO2 storage capacity of Dutch subsurface aquifers:
1. Theoretical Maximum Storage Capacity,
2. Maximum Injectivity
3. Storage Efficiency of the Containment
4. Data Quality
The affected space approach forced us to look for areas (zones) which are hydraulically connected and not only for local
structural traps. For the five zones found we calculated the theoretical maximum storage volumes based on a permissible
volume-weighted average pressure increase of 10 bar and average compressibility values (column 6, table 2). Furthermore,
injection pressures around the injection location were estimated using a simple numerical model [4]. For all zones a minimum
injection rate of 1 Mt/y was assumed. Zones 2 and 5 were not able the handle this injection constraint so the injection rates were
lowered in order to limited the local pressure increase. In the other zones the injection period had to be limited to a range of 16 to
30 years, clearly shorter than the operating lifespan of a power plant. The results of two methods show a clear difference in
available capacity for Rotliegend formation aquifers. In the second method, the compressibility effects of in-situ brine and rock
material at an assumed allowable average pressure increase, restricted the calculated available storage space by one third. It
should be also noted that injectivity should also be monitored for the pressure build-up around the injection area. Interestingly,
the second method results in a total of 19 traps compared with the 37 traps using the first method The subsurface CO2 storage
estimation based on the combined affected space and pressure response will reduce the estimations based on the 2 % method and
only on entrapment space. We also have to realise that only the proposed injection schedule is possible for each zone; any other
storage activity in the individual zone is not possible.
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